Background: The motions causing noncontact anterior cruciate ligament (ACL) injury remain unclear. Tibiofemoral bone bruises are believed to be the result of joint impact near the time of ACL rupture. The locations and frequencies of these bone bruises have been reported, but there are limited data quantifying knee position and orientation near the time of injury based on these contusions.
More than 400,000 anterior cruciate ligament (ACL) injuries occur annually in the United States. 31 This devastating injury primarily affects a younger population, with a median age of 17 years at the time of injury. 20, 24 The high risk of developing early onset osteoarthritis (OA) after both injury and reconstruction 19, 37 has prompted great interest in the mechanisms of ACL injury 28, 40, 41, 50, 51, 57 and in the implementation of injury prevention programs. 21, 26, 49 Prevention programs have focused on training athletes to avoid noncontact ACL injuries, which account for more than 70% of ACL tears. 24 Some programs have shown significant reduction of ACL injuries in trained groups compared with untrained controls. 26, 38 However, other programs have been less successful, 4, 45, 49, 52 and ACL injury rates remain high. 2, 3 The efficacy of training programs is likely limited by unclear 5-in-5 data describing the motions leading to ACL injury. Specifically, because there are conflicting theories and limited data on the precise motions causing noncontact ACL injuries, 7, 13, 14, 28, 40 prevention programs may target a wide range of exercises, 24 some of which may be ineffective. Furthermore, understanding which movement patterns lead to ACL rupture could aid in identifying individuals who are at high risk for injury and should be targeted for intervention. 22, 44 Thus, a clear understanding of the motions leading to ACL injury may allow for improved prevention strategies.
Several approaches have been used to investigate motion patterns that carry high risk for ACL injury. On the basis of video analysis of sports footage, some studies attribute ACL injury to valgus collapse. 8, 34, 47 Although video analysis provides valuable information, it has several limitations. For example, due to variability in the position and orientation of the camera relative to the injured athlete and challenges associated with identifying anatomic landmarks predictive of the motion of the underlying bones, 28, 33 it may be difficult to determine the 6 degrees of freedom knee kinematics during ACL injury from videos alone. Furthermore, the exact time of injury is unknown, 8, 28, 32 making it difficult to determine which motions caused the ACL rupture. Another means of investigating ACL injury mechanisms is the use of cadaveric models. Such studies attempt to mimic the dynamic loading thought to cause ACL injury. 16, 25, 59 Although these models can provide useful data, it is unclear how closely they reproduce the complex, dynamic muscle and ground-reaction forces experienced during in vivo loading.
Other studies have used bone bruise patterns observed on magnetic resonance (MR) images of individuals with noncontact ACL rupture to elucidate the mechanisms of injury. 23, 29, 53, 57, 62 These bruises are visible as increased signal intensity on short-tau inversion recovery (STIR) or T2weighted images, a result of increased water content due to trabecular microfracture. 36, 43, 53 These contusions are thought to be the result of impact between the femur and tibia near the time of ACL injury. 29, 48, 57, 62 Although previous studies have used MR images of individuals with noncontact ACL injuries to characterize the locations and frequencies of these bone bruises, 23, 29, 53, 57, 62 it may be difficult to determine the position and orientation of the knee at the time of injury from the examination of MR images alone. Thus, the objective of this study was to quantify the position and orientation of the knee near the time of noncontact ACL injury using MR imaging, together with 3-dimensional (3D) modeling and numerical optimization techniques, to maximize overlap of bone bruise surfaces on the femur and tibia. On the basis of previous studies observing ACL loading and bone bruise patterns, we hypothesized that the position and orientation of the knee at the time of injury involve knee extension 6, 53, 54, 56 and anterior tibial translation. 10, 16, 57 
METHODS

Selection Criteria and MR Imaging
Institutional review board approval was obtained for this retrospective study. A total of 8 subjects (5 male and 3 female; average age, 23 years; range, 16-30 years) with noncontact ACL injury were included. The subjects reported that the injury occurred during the following activities: soccer (n = 4), football (n = 1), tennis (n = 1), basketball (n = 1), and horseplay (n = 1). Six of the 8 subjects had signal abnormality suggestive of a grade 1 medial collateral ligament (MCL) tear, while the remaining 2 had no evidence of MCL injury. With regard to meniscal injuries, 4 subjects had no evidence of tears or abnormal MR signals in their menisci, and the remaining 4 subjects had small tears to their medial or lateral menisci.
All subjects underwent MR imaging within 1 month of their noncontact ACL rupture at an average of 14 days (range, 4-22 days) after injury. MR images acquired beyond 1 month of injury were excluded. Five studies were performed on a 1.5-T Signa (GE), 2 studies on a 1.5-T Avanto (Siemens), and 1 study on a 3-T Trio Tim (Siemens). Fast spin echo imaging parameter ranges were as follows: repetition time (TR), 3310-4083 milliseconds; echo time (TE), 50-75 milliseconds; matrix, 256 3 192 or 384 3 384 pixels interpolated to 512 3 512 pixels for display; number of excitations (NEX), 1-2; slice thickness, 3-4 mm; and interslice gap, 0.3-0.4 mm. Fat saturation was used on all sequences, and all images were obtained in a dedicated receive-only coil appropriate for the scanner. As part of the selection criteria, bone bruises were visible in both medial and lateral compartments of the femur and tibia for all subjects. This particular bone bruise pattern was selected because it allows for a unique solution for the numerical optimization. Furthermore, recent studies have suggested that more than 80% of patients with noncontact ACL injury have evidence of bone bruises in both the medial and lateral compartments. 60 
Model Creation and Analysis
These MR images were used to create 3D models of the knee 1, 11, 46 (Figure 1 ). First, the outer margins of the femur and tibia were outlined on all MR images in which they were visible using 3D modeling software (Rhinoceros 4.0; Robert McNeel and Associates). Next, the bone bruises were outlined along the outer surfaces of the femur and tibia. All slices were outlined by a single investigator and reviewed by a board-certified musculoskeletal radiologist with more than 25 years of experience. The outlines were combined to form a 3D model of the knee and bone bruise surfaces.
Numerical optimization was then used to maximize overlap of bone bruise surfaces on both the femur and tibia with the assumption that the bruises were the result of impact between the femur and tibia near the time of ACL injury. Specifically, the femur was rigidly translated and rotated in 3D space such that the distance between points evenly distributed across the surface of the femoral bone bruises and points evenly distributed across the surface of the tibial bone bruises was minimized (Figures 2  and 3 ). The optimization was constrained to minimize penetration of the bony surfaces.
The relative positions of the femur and tibia in 6 degrees of freedom were measured before and after the numerical optimization by use of an anatomic coordinate system previously described in the literature. 56 The long axis of the tibia was defined by a cylinder fit to the tibial shaft. A mediolateral axis was created perpendicular to the long axis of the tibia and tangent to the posterior edges of the tibial plateau. An anteroposterior axis was drawn orthogonal to the long and mediolateral axes of the tibia. The long axis of the femur was defined by a cylinder fit to the femoral shaft. The transepicondylar line of the femur defined the flexion axis. Valgus was measured by use of the angle between the long axis of the tibia and the transepicondylar line of the femur. An angle of 90°between these axes corresponded to 0°valgus. 56 Internal rotation of the tibia was measured as the angle between the mediolateral axis of the tibia and the transepicondylar line of the femur projected onto the tibial plateau. Anterior tibial translation was measured using the position of the transepicondylar line of the femur relative to the tibial coordinate system. For each subject, the extended position of the knee during MR imaging (MRI position) served as an unloaded reference. 9, 30, 55, 58 Differences in kinematics between the MRI position and the predicted position of the knee at the time of injury (as determined from numerical optimization) were compared by use of paired t tests. Differences were considered statistically significant at P \ .05. 
Repeatability of Kinematics Measurements
Although previous studies have reported on the location, volume, intensity, depth, and frequency at which bone bruising occurs with ACL injury, 36, 43, 48, 53, 57 few data are available quantifying the position and orientation of the knee at the time of injury. Thus, to assess the repeatability of our measurements, 3 independent trials of bone bruise outlining were performed on a single knee via the same procedure as described above. The standard deviations of the femoral and tibial bone bruise surface areas were both within 1% of the total area. Additionally, numerical optimization was performed separately for each trial, and a relatively small standard deviation was measured for each degree of freedom (flexion, 0.9°; valgus, 0.8°; internal tibial rotation, 0.1°; anterior tibial translation, 0.1 mm), indicating that this method has a high degree of repeatability in quantifying the predicted position of injury.
RESULTS
In the MRI position, the knee flexion angle was 8°6 2°( mean 6 standard error). In the predicted position of injury, the flexion angle was 12°6 4°( Figure 4A ). Flexion did not change significantly between the MRI position and the predicted position of injury (P = .2). The valgus orientation of the knee in the MRI position was 1°6 1°compared with 6°6 1°in the predicted position of injury, a significant increase of 5°(P = .003, Figure 4B ). In the MRI position, internal tibial rotation was 4°6 3°compared with 19°6 3°in the predicted position of injury, a significant increase of 15°(P = .003, Figure 4C ). Lastly, anterior tibial translation was 210 6 5 mm in the MRI position and 12 6 2 mm in the predicted position, a significant increase of 22 mm (P \ .001, Figure 4D ).
DISCUSSION
Despite the implementation of ACL injury prevention programs, ACL injury rates remain high. 2, 3 The efficacy of these programs is likely hindered by an unclear understanding of the motions causing noncontact ACL injury. 8, 24, 27, 28, 32, 34, 50, 56 To address this important clinical problem, this study estimated the position and orientation of the knee during ACL rupture by use of MR imaging, 3D modeling, and numerical optimization. Specifically, with the assumption that the femoral and tibial bone bruises in these subjects resulted from joint impact near the time of noncontact ACL injury, numerical optimization was used to position 3D models of the femur and tibia such that overlap of bone bruise surfaces was maximized. Our results suggest that ACL injuries with medial and lateral compartment bruising occur with the knee near extension and are accompanied by a large anterior tibial translation and a large internal tibial rotation. A slight valgus rotation was also observed.
The small flexion angle predicted at the time of ACL injury by this study is consistent with previous findings in the literature. For example, videographic analyses suggest that noncontact ACL injury is frequently associated with landing with the knee near full extension. 8, 34, 47 Furthermore, previous in vivo studies measuring ACL function under various loading conditions have shown that ACL length and strain are maximal at low flexion angles. 6, 12, [54] [55] [56] 61 For example, during dynamic activities such as jumping and walking, maximum ACL strain occurs with the knee near full extension. 54, 55, 61 These findings suggest that the ACL may be at an increased risk for injury when the knee is extended and ACL strain is elevated. The increased strain in low flexion angles may be explained by the orientation of the patellar tendon during extension and flexion. 15 When the knee is extended, the patellar tendon is oriented anteriorly relative to the anterior tibial cortex, resulting in an anteriorly directed force on the tibia and increased ACL load. 15 However, as the knee is flexed, the patellar tendon is oriented such that a posteriorly directed force is applied to the tibia, resulting in decreased ACL load. 15 Additionally, the ACL has been shown to be an important restraint to anterior tibial translation, 5, 10, 18, 39 which is consistent with the large anterior translation near the time of injury suggested by the present study. For example, Butler et al 10 showed that in cadaveric knees, the ACL provides 90% of the resistance to anteriorly directed loads applied to the tibia. In another cadaveric study inducing ACL injury with the knee fixed at 20°of flexion, 20 mm of anterior tibial displacement was reported in response to quadriceps loads of up to 4500 N. 16 This amount of anterior tibial translation is comparable with the 22 mm of anterior tibial translation found in the present study. These findings suggest that a large anterior tibial translation is likely associated with ACL injury.
Previous video analysis studies have observed both internal and external rotations during ACL injury. 32, 34, 47 Other studies have reported that internal tibial rotation increases ACL loading while external tibial rotation does not dramatically elevate ACL loading. 18, 39 For example, a cadaveric study indicated that a combination of anterior shear force and internal tibial torque dramatically increased ACL load, particularly with the knee near full extension. 39 The addition of an external tibial torque generally decreased ACL load. 39 Similarly, an in vivo study using strain transducers implanted on the ACL found that internal tibial rotation increased ACL strain, particularly in low knee flexion. 18 The similar results observed in the present study suggest that internal tibial rotation may indeed be a contributing factor to ACL tears.
Our findings differ from previous studies analyzing video footage of ACL tears that have reported a large valgus collapse motion during injury. 8, 28, 32 For example, one video analysis study reported no difference in valgus orientation between ACL-injured subjects and controls performing similar athletic activities at the time of contact with the ground. 8 However, soon after impact, differences in valgus between injured subjects and controls reached nearly 30°. 8 Another study used a model-based image-matching technique to approximate the position of the knee during ACL injury in videos of 10 female handball and basketball players. 32 At the estimated time of injury, a significant increase of 12°was reported in the valgus orientation of the knee relative to the neutral valgus position at initial ground contact. In contrast, our results suggest that for the ACL-injured subjects in this study, less valgus is present at the time of injury. However, our findings of a small amount of valgus are consistent with the results of other studies in the literature. Specifically, the increase of 5°in valgus orientation observed in the present study is comparable with the increase of 2.3°in valgus orientation reported by DeMorat et al 16 when loading the quadriceps of cadaveric knees to induce ACL injury. Furthermore, a previous in vivo study found that ACL length was shorter in a simulated valgus collapse position compared with a neutral valgus position at the same flexion angle, suggesting that valgus does not increase ACL strain. 56 Another study using strain transducers to quantify in vivo ACL strains reported minimal changes with varus and valgus loading of the knee. 18 These findings support our results that a large valgus collapse motion does not occur at the time of ACL injury in subjects with this bone bruise pattern. As it is difficult to identify the precise time of injury from videographic analyses, 32, 34 the large valgus collapse motion reported in these studies could be the result of buckling of the knee after ACL rupture. 42, 47, 56 Previous studies reporting on the location, volume, intensity, depth, and frequency at which bone bruising occurs with ACL injury have not come to a consensus regarding the mechanisms of ACL injury. 23, 48, 53, 57, 60 Some studies have suggested that the high incidence of bruising near the terminal sulcus and the posterolateral tibial plateau may be due to a pivot shift event in which anterior subluxation occurs concurrently with an ACL tear. 17, 23, 53 Due to the high incidence of bone bruising in the lateral compartment in individuals with ACL injury, 53, 57, 62 some studies have emphasized the importance of valgus rotation. 48, 50 Medial compartment bruising in noncontact injuries has been attributed to anterior tibial translation and internal tibial rotation rather than valgus stress due to the location of femoral condyle bruising relative to tibial plateau bruising. 57, 60 These different conclusions in the literature may be due in part to difficulties associated with inferring the position and orientation of the knee at the time of injury by observation of the location of bone bruising on MR images alone.
While previous studies have largely focused on lateral compartment bruises, recent studies have reported a relatively high incidence of medial compartment bone bruises. 57, 60 Perhaps one reason why medial compartment bruises are reported less frequently is that the intensity and depth of lateral compartment bruising may be significantly greater than medial compartment bruising on both the femoral condyles and the tibial plateau. 57 However, in a study reporting bone bruise frequency in noncontact and contact ACL injuries, bone bruises on the medial femoral condyle and medial tibial plateau were present in 38% and 60%, respectively, of subjects with a noncontact injury mechanism. 57 Similarly, a recent study analyzing 73 subjects with noncontact ACL injury reported that 84% of males and 89% of females had MR evidence of bone bruises in both medial and lateral compartments, with no differences observed between the sexes. 60 These studies 57, 60 suggest that the present study focused on a relatively common pattern of bone bruising. Future studies may investigate knee positions associated with other patterns of bone bruising.
Assuming that the bone bruises analyzed in this study resulted from impact between the femur and tibia near the time of ACL rupture, the results of the present study provide important information regarding the mechanisms of ACL injury. For the pattern of bone bruising considered in this study, our results suggest that landing on an extended knee may put the knee at high risk for injury. As indicated above, these findings are consistent with recent studies in the literature indicating that for a variety of different in vivo activities (including walking and landing from a jump), ACL lengths and strains generally increase with decreasing flexion. 35, [54] [55] [56] 61 These findings therefore suggest that ACL injury prevention programs should focus on training athletes to avoid stiff landings with knees near full extension. However, more research is needed to determine which motion patterns place the ACL at high risk for injury. In this regard, in vivo, dynamic measurements of ACL strain 12,54,55,61 may provide important insights into which motions elevate ACL loading and potentially increase injury risk. Furthermore, such measurements could also be useful in identifying which interventions are most effective in decreasing ACL injury risk.
In conclusion, this paper provides a novel method to characterize the position and orientation of the knee near the time of ACL rupture using bone bruises found on MR images of subjects with noncontact ACL injuries. Numerical optimization maximizing the overlap of bone bruises on the femur and tibia suggested that landing on an extended knee may carry a high risk for ACL injury. Extension was accompanied by increases in anterior tibial translation (22 mm), internal tibial rotation (15°), and valgus rotation (5°) in the predicted position of injury relative to the MRI position. These data provide critical insights into the mechanisms leading to ACL injury. Ultimately, understanding these mechanisms is critical to improving strategies aimed at injury prevention.
